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Quantum magnetism is a fundamental phenomenon of nature. As of late, it has garnered a lot
of interest because experiments with ultracold atomic gases in optical lattices could be used as a
simulator for phenomena of magnetic systems. A paradigmatic example is the time evolution of a
domain-wall state of a spin-1/2 Heisenberg chain, the so-called domain-wall melting. The model
can be implemented by having two species of bosonic atoms with unity filling and strong on-site
repulsion U in an optical lattice. In this paper, we study the domain-wall melting in such a setup on
the basis of the time-dependent density matrix renormalization group (tDMRG). We are particularly
interested in the effects of defects that originate from an imperfect preparation of the initial state.
Typical defects are holes (empty sites) and flipped spins. We show that the dominating effects of
holes on observables like the spatially resolved magnetization can be taken account of by a linear
combination of spatially shifted observables from the clean case. For sufficiently large U , further
effects due to holes become negligible. In contrast, the effects of spin flips are more severe as their
dynamics occur on the same time scale as that of the domain-wall melting itself. It is hence advisable
to avoid preparation schemes that are based on spin-flips.
PACS numbers: 37.10.Jk 75.10.Jm, 05.70.Ln, 02.30.Ik,
I. INTRODUCTION
Recent progress in ultracold-atomic-gas experiments
[1, 2] has allowed for greater degrees of control where
now one has the tools to explore many interesting and
fascinating phenomena of quantum many-body physics
that previously have been restricted only to the realm of
theoretical investigation. Gases of ultracold fermionic
and bosonic atoms in optical lattices provide the ar-
guably cleanest implementations of the Fermi- and Bose-
Hubbard models and are very well tunable. These fun-
damental models of condensed matter physics have by
now been studied quite extensively in diverse experi-
ments. See for example Refs. [3–13]. The experimental
capabilities are very well developed, as exemplified by
the controlled shifting between the superfluid (SF) and
Mott-insulator (MI) regimes [2, 3], generation of random
potentials [14–16], single-atom imaging [17–20], or single-
site manipulation [21, 22].
In the vein of Feynman’s idea to use one well-
controllable quantum many-body system to simulate oth-
ers [23, 24], it is of particular interest to gain a thor-
ough understanding of experimentally feasible ultracold-
atomic-gas systems that can be used to faithfully imple-
ment spin models. Such setups could then be used to
study the diverse phenomena of quantum magnetism.
As it turns out, the drosophila of quantum magnetism,
the Heisenberg spin-1/2 XXZ model, appears quite nat-
urally as an effective model for the subspace of unitary
occupancy of the two-species Bose-Hubbard (BH) model
in the limit of strong on-site interaction strengths [25–
FIG. 1: (Color online) Initial clean domain-wall state with
spin-up (spin-down) bosons on the left (right) half of the sys-
tem at t = 0. The illustrations for times t > 0 are based on
the actual evolution of the on-site magnetizations 〈Sˆzj 〉 with
hopping amplitude t = 1 and onsite repulsion U = 15. The
domain wall melts and evolves into a nontrivial magnetization
profile.
29]. The effective spin-exchange couplings are deter-
mined by the tunneling parameters and the inter- and
intra-species interaction strengths. Numerical investiga-
tions [29] have been presented and an experimental real-
ization of this model has recently been implemented in
order to study the quantum dynamics of a single spin-
impurity [30]. One can envisage many interesting exper-
iments using this setup in order to observe and investi-
gate important many-body phenomena such as quantum
phase transitions, long-range order, the temporal growth
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2FIG. 2: (Color online) Illustration of the time evolution of a hole and a spin-flip defect in a fully polarized background. The
sketches are based on the actual evolution of densities 〈nˆ↑,j + nˆ↓,j〉 and magnetizations 〈Sˆzj 〉 for hopping amplitude t = 1 and
onsite repulsion U = 15. (a) Holes can move by one site via direct hopping and by two sites via a second-order process that gets
suppressed with increasing U . As explained in the text, the density dynamics in the effective t-J model (7) is independent of
the simultaneous spin dynamics. The latter is, however, influenced by density fluctuations. (b) The Heisenberg-type spin-spin
interaction is caused by a second-order exchange process where bosons hop between nearest-neighbor sites. The focus of this
paper is to explore the effects of such defects on the domain-wall melting in Fig. 1.
of entanglement, diffusive versus ballistic transport, re-
laxation dynamics, or integrability, to name a few. It
can also provide a testbed for ultracold-atomic-gas ex-
perimental setups where their robustness to defects can
be investigated and scrutinized.
A prominent nonequilibrium process that comprises
several of the aforementioned many-body phenomena is
the melting of a domain wall as depicted in Fig. 1,
and this naturally becomes an important phenomenon
to probe in ultracold-atom experiments that aim to map
onto the spin-1/2 XXZ model. Initially, the system is in a
product state where the left half of the system is occupied
by up-spins and the right half by down-spins. During the
evolution, magnetization flows from left to right, accom-
panied by a growing entanglement. The dynamics has
been studied analytically and numerically, for example,
in Refs. [31–40]. The transport is ballistic in the critical
XY phase of the model. In the gapped phases, after some
initial ballistic transport, the spin current was found to
vanish for longer times. Besides this, there is an interest-
ing nearest-neighbor beating effect in the magnetization
profile (synchronized opposing oscillations of the magne-
tizations on neighboring sites) and small plateaus evolve
at the domain-wall fronts. This can be attributed to the
integrability of the model.
When one implements the domain-wall melting exper-
imentally with ultracold bosons, defects can occur due
to an imperfect preparation of the initial state. There
are basically two options for the preparation. (i) In the
first scheme, one prepares a Mott insulating state of spin-
up bosons. Then, using a light mask, one addresses the
right half of the system, bringing it into resonance with
a microwave pulse that causes the spins to flip. (ii) In
an alternative scheme, using light masks for the halves of
the systems, one can cool the bosons in the lattice with
strong chemical potential differences for the two species.
In both schemes, due to an ultimately finite temperature,
hole defects can occur (Fig. 2a). Due to the (shallow)
trapping potential, these holes correspond to the lowest
excitations of the Mott insulator ground state. The first
scheme allows for the preparation of a spatially tighter
(less smeared) domain wall [41]. One disadvantage of this
scheme is the finite spin-flip efficiency (typically around
98% in current experiments) which corresponds to the
occurrence of spin-flip defects as shown in Fig. 2b.
In this paper, numerical studies are presented for
the domain-wall melting of two boson species in a one-
dimensional optical lattice using various values of the
on-site interaction strength U , most of which lie in the
large-U limit where the model maps faithfully onto a
corresponding spin-1/2 XXZ model. All corresponding
model parameters offer experimental feasibility and are
simulated closely following the conditions in Fukuhara
et al. [30], and are thus very relevant to similar future
experimental investigations. We focus in particular on
the effects of typical experimental defects in the initial
state on the melting dynamics. The quasi-exact numeri-
cal treatment is performed using the time-dependent den-
sity matrix renormalization group (tDMRG) method [42–
46] in the Krylov approach [47–49] (see also [50]). The
results show that the dominating effects of hole defects
on observables like the spatially resolved magnetization
can be taken account of by a simple averaging procedure
over spatially shifted observables from the clean case. To
some extent, this smoothens out the beating and plateaus
in the magnetization profile of the melting domain wall.
For large U , the hole dynamics is much faster than the
domain-wall dynamics. Hence, effects of holes beyond
the aforementioned smoothening effect become negligi-
ble. In contrast, the effects of spin flips are more severe
as their dynamics occur on the same time scale as that
of the domain-wall melting itself. The spatial averaging
procedure employed for the holes is still useful but not
as powerful in this case. For the experimental investiga-
3tions, this gives a reason to favor the second preparation
scheme, cooling with chemical potentials, over the first
scheme that is based on inducing spin-flips for one half
of the system.
The paper is divided into five sections beyond the in-
troduction: In Section II, the models occurring in this
study and the mappings between them are discussed. Af-
ter a specification of the different initial states in Section
III, Section IV presents numerical simulations showing
how the BH dynamics approaches the t-J model dynam-
ics. In Section V, the main results are presented and
explained along with a discussion of the various observ-
ables of interest that are best suited to study the domain-
wall melting. The paper concludes with Section VI and a
convergence analysis of the numerical simulations in the
appendix.
II. MODELS
A. Spin-1/2 XXZ chain
The spin-1/2 XXZ Heisenberg magnet is a classic
example of a one-dimensional quantum lattice model
that has been extensively studied [51–53] and that is
of ideal importance to the understanding of magnetism
and various phenomena in quantum many-body physics
as mentioned in the introduction. Considering a one-
dimensional lattice of L sites, the Hamiltonian describing
this model is
HˆXXZ = J⊥
L−1∑
j=1
(Sˆxj Sˆ
x
j+1 +Sˆ
y
j Sˆ
y
j+1)+Jz
L−1∑
j=1
Sˆzj Sˆ
z
j+1, (1)
where the spin operators obey the commutation relations
[Sˆαi , Sˆ
β
j ] = iδijαβγ Sˆ
γ
i (~ = 1).
The properties of the ground state of this Hamilto-
nian crucially depend upon the in-plane and on-axis spin-
spin interaction parameters J⊥ and Jz. In the case
J⊥ = Jz, HˆXXZ becomes the isotropic Heisenberg Hamil-
tonian [54, 55] and the interaction between the spins
is rotation-invariant. When J⊥, Jz > 0, the Hamilto-
nian is antiferromagnetic, since it is energetically favor-
able that the spins on neighboring sites have anti-parallel
alignment, while when J⊥, Jz < 0, parallel alignment
is favorable and thus the Hamiltonian is ferromagnetic.
Moreover, at the critical point Jz/|J⊥| = 1, there is a
Kosterlitz-Thouless-type phase transition that the sys-
tem undergoes from a gapless XY regime (Jz/|J⊥| ≤ 1)
to the gapped (Jz/|J⊥| > 1) Ne´el phase.
Domain-wall melting in this system has been investi-
gated analytically and numerically [31–39], and one can
observe a transition from ballistic to subdiffusive dynam-
ics when going from the gapless to the gapped regime. To
be able to simulate this model with an ultracold-atomic-
gas system would be a very interesting way to experi-
mentally probe such dynamics, and such a mapping has
already been proposed [25–29], where a two-species BH
model in the limit of large interactions at unity filling can
be approximated by the spin-1/2 XXZ model with an in-
duced ordering field. This is discussed in the following.
B. Two-species Bose-Hubbard model and the
relation to the XXZ model
A prominent example for using bosonic systems to sim-
ulate others [23, 24] is that of using the two-species Bose-
Hubbard (BH) model (ultracold bosonic atoms in opti-
cal lattices) to emulate the spin-1/2 XXZ model [25–29],
where the two boson species correspond to spins up and
down, respectively. This two-species BH model is de-
scribed by the Hamiltonian
HˆBH = −
L−1∑
σ,j=1
tσ(bˆ
†
σ,j bˆσ,j+1 + h.c.)
+
L∑
σ,j=1
Uσ
2
nˆσ,j(nˆσ,j − 1) + V
L∑
j=1
nˆ↑,j nˆ↓,j , (2)
where σ (=↑ or ↓) labels the boson species, tσ is the
tunneling parameter for ‘σ’ bosons, Uσ is the intra-
species on-site interaction strength for ‘σ’ bosons, V is
the inter-species interaction strength between ‘↑’ and ‘↓’
bosons on the same site, bˆσ,j is the annihilation opera-
tor for ‘σ’ bosons on site j ([bˆσ,j , bˆ
†
σ′,j′ ] = δσσ′δjj′), and
nˆσ,j = bˆ
†
σ,j bˆσ,j is the number operator for ‘σ’ bosons on
site j. The bosonic species ‘↑’ and ‘↓’ are associated
with two internal states of the atomic species used in
the experimental setup (such as rubidium isotope 87Rb,
where the two species correspond to two hyperfine states
|F = 1,mF = +1〉 and |F = 2,mF = −1〉 of the bosonic
atom). Moreover, both bosonic species can be trapped
by separate standing laser-light waves via polarization
selection [56] and the spin distribution of such a system
can then be probed by single-site-resolved fluorescence
imaging with a high-resolution microscope objective [17–
19].
In the limit of large U↑, U↓, and V , using second-order
perturbation theory or the corresponding Schrieffer-Wolff
transformation [25–29], one can derive an effective Hamil-
tonian for the subspace of unity filling (number of parti-
cles equal to the number of lattice sites), yielding
HˆXXZ − h
L∑
j=1
Sˆzj , (3)
where
Jz = 2
t2↑ + t
2
↓
V
− 4t
2
↑
U↑
− 4t
2
↓
U↓
, J⊥ = −4t↑t↓
V
, (4)
h =
4t2↑
U↑
− 4t
2
↓
U↓
. (5)
4The induced homogeneous magnetic field h can be ig-
nored due to the conservation of the total magnetization
in Eq. (1). The spin-exchange terms are due to a second-
order process where bosons hop twice between neighbor-
ing sites and the energy in the intermediate states is in-
creased due to the on-site repulsion Uσ, V .
For the experimentally most relevant situation t↑ =
t↓ ≡ t, and U↑ = U↓ = V ≡ U , one arrives at the isotropic
Heisenberg antiferromagnet with J⊥ = Jz. This regime is
at the focus of this paper since, on the one hand, the main
purpose of the paper is to study the effect of holes and
spin flips on domain-wall melting rather than the effect
of anisotropies on it and, on the other hand, significant
anisotropies are very hard to achieve experimentally [30,
41]. For instance, the variance in V is typically given by
the parameter
∆V =
U↑ + U↓
2
− V (6)
and ∆V can be set experimentally [30, 41] to a value in
[−0.1, 0.1] × U↑. Note that the available range for the
effective spin couplings can be extended substantially by
employing optical superlattices as discussed and demon-
strated for example in Refs. [29, 57, 58].
C. The t-J model as an effective model for strong
repulsion
Since we want to study the effect of hole defects which
occur in the experiments, we can not restrict the analy-
sis to the subspace of unitary occupancy as done in the
previous section. Rather, one has to take into account
all states where on each site we have either one or no bo-
son. The second-order perturbation theory for the limit
of strong repulsion leads in this case to a bosonic vari-
ant of the so-called t-J Hamiltonian [60–64], containing
in this case some three-site terms that are particular to
the bosonic nature of the particles. For our specific two-
species Bose-Hubbard model (2), we obtain a hard-core
boson t-J model
Hˆt-J = Hˆt + HˆXXZ + Hˆ3−site, (7)
where HˆXXZ is the XXZ Hamiltonian (1) that encodes
the nearest-neighbor spin exchange and
Hˆt = −
L−1∑
σ,j=1
tσ(aˆ
†
σ,j aˆσ,j+1 + h.c.) (8)
is the direct hopping. Here, aˆσ,j are hard-core-
bosonic annihilation operators with commutation rela-
tions [aˆσ,j , aˆ
†
σ′,j′ ] = δσσ′δjj′ ∀j 6=j′ and {aˆσ,j , aˆ†σ′,j} =
δσσ′ . In terms of the Pauli matrices {σˆα|α = x, y, z},
the spin operators (occurring in HˆXXZ and Hˆ3−site) are
given by
Sˆαj :=
1
2
∑
σσ′
aˆ†σ,j [σˆ
α]σσ′ aˆσ′,j . (9)
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FIG. 3: (Color online) The spin-density 〈Sˆzj (t)〉 as a function
of position and time for t = 1, U = 15, lattice size L = 320,
and defect positions jh = L/2 − 16, jf = L/2 − 8. All three
maps show times up to 80/t as by then the part of the hole
that initially moves away from the domain wall will have been
reflected off the boundary but still not interacted with the
domain wall. Like the domain wall, the spin-flip evolves on
a time scale (4t2/U)−1, while the hole defect moves on the
shorter time scale t−1. It is interesting to note in the cases of
the clean domain-wall and spin-flip initial states that along
the domain wall there is a nearest-neighbor beating behavior
(synchronized opposing oscillations on neighboring sites) that
is absent in the hole case. See also Fig. 4 for slices and the
Supplementary Material [59] for animations.
5The terms
Hˆ3−site =−
L−2∑
σ,j=1
t2σ
V
(aˆ†σ,j nˆ−σ,j+1aˆσ,j+2 + h.c.)
− t↑t↓
V
L−2∑
σ,j=1
(aˆ†−σ,jSˆ
σ
j+1aˆσ,j+2 + h.c.)
−
L−2∑
σ,j=1
2t2σ
Uσ
(aˆ†σ,j nˆσ,j+1aˆσ,j+2 + h.c.) (10)
describe second-order processes, where bosons move by
two sites. In the first term, a ‘σ’ boson hops via a site
occupied by a ‘−σ’ boson. In the second term, a ‘σ’
boson hops from site j + 2 to a neighboring site j + 1
occupied by a ‘−σ’. The latter subsequently hops to site
j, causing an effective spin-flip on site j+ 1. In the third
term, a ‘σ’ boson hops over a site occupied by the same
species to a next-nearest-neighbor site. We have used the
notation Sˆσj+1 to denote Sˆ
+
j+1 (Sˆ
−
j+1) when σ is ‘↑’ (‘↓’).
III. INITIAL STATES
In investigating the dynamics of a global quench where
an initial state |ψ0〉 = |ψ0(t ≤ 0)〉 is time-evolved for
t > 0 with the Hamiltonian Hˆ, which can be either HˆBH
or Hˆt-J for the purposes of this paper, it is particularly
interesting to study the effect of defects in the initial
domain-wall state on the melting dynamics, because de-
fects such as holes and spin flips can occur naturally in
the preparation process. For our numerical investigations
of the full BH model, the clean domain-wall initial state
|ψBHc 〉 is chosen to be the ground state of the Hamiltonian
Hˆprep := HˆBH − µ
L/2∑
j=1
(nˆ↑,j + nˆ↓,j+L/2) (11a)
Hˆprep|ψBHc 〉 = E0|ψBHc 〉 (11b)
at unity filling with L/2 ‘↑’ bosons and L/2 ‘↓’ bosons on
an L-site lattice. The species- and site-dependent chem-
ical potential (µ), when chosen sufficiently large com-
pared to the hopping amplitude tσ in HˆBH, ensures that
a domain-wall state is formed whereby the left half of the
lattice (1 ≤ j ≤ L/2) is mostly occupied by ‘↑’ bosons
and the other half (L/2 + 1 ≤ j ≤ L) is mostly occupied
by ‘↓’ bosons. For large chemical potential and density-
density interaction (Uσ, V ), the state |ψBHc 〉 is in fact
close to the product state
|ψc〉 =
L/2∏
j=1
aˆ†↑,j aˆ
†
↓,j+L/2|0〉 = |↑↑ . . . ↑↓↓ . . . ↓〉 (12)
where |0〉 is the vacuum state. The larger the interaction
strengths in HˆBH, that is, the deeper the system is in the
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FIG. 4: (Color online) Spin-density 〈Sˆzj (t)〉 profiles around
the domain wall at various times for the clean, hole, and spin-
flip initial states (t = 1, U = 15, L = 320, jh = L/2 −
16, jf = L/2 − 8). Time is indicated chromatically where
blue corresponds to t = 0 and red to t = 227/t (reached
for the clean and spin-flip cases). In the case of the hole,
only times up to t = 80/t are shown. Also here one sees
distinctive nearest-neighbor beating behavior in the clean and
spin-flip cases that is considerably smoothened out in the hole
case. Online, animations are provided that show the evolution
of the states with defects in direct comparison to the clean
domain-wall state [59].
Mott-insulator phase, the greater the overlap of
∣∣ψBHc 〉
and |ψc〉.
In principle, one obtains the XXZ model or the t-J
model within second-order perturbation theory as the ef-
6fective model for the BH model for the sector of single-
site bosonic states {|↑〉 , |↓〉} or {|0〉 , |↑〉 , |↓〉}, respec-
tively. Formally one gets from the original to the effec-
tive model via a unitary Schrieffer-Wolff transformation
eiSˆ followed by a projection to the aforementioned sub-
space. So the correspondence between the spin |σ〉 and
bosonic atom |σ〉 is not 1 : 1 – one has corresponding
perturbative corrections on top due to the unitary trans-
formation [29]. Thus, if one wants to study the analog
of the XXZ domain-wall dynamics in the BH model, one
should not start from the state |ψc〉, but take the pertur-
bative corrections into account. If one did not, one would
have nontrivial dynamics also in the “fully polarized” re-
gions that are not influenced by the domain wall. In a
bosonic state |↑↑↑ . . . ↑〉, for example, the BH dynamics
is not trivial: Due to the hopping, states with n↑,j 6= 1
get populated (also, the boundary acts as a distortion).
This also leads to entanglement growth in this supposedly
trivial state. One can take into account the perturbative
corrections very easily, by choosing the initial state, as
described above, to be the ground state |ψBHc 〉 of the BH
model with a strong chemical potential for ‘↑’ bosons on
the left half and for ‘↓’ bosons on the right half. This
state is the actual counterpart of the spin domain-wall
state |ψc〉 = |↑↑ . . . ↑↓↓ . . . ↓〉 in the XXZ chain and the
dynamics far away from the center is trivial then as it
should be. With the Schrieffer-Wolff transformation eiSˆ ,
the correspondence between the states is
|ψBHc 〉 ≈ e−iSˆ |ψc〉. (13)
The dominant defects occurring in the different exper-
imental preparation schemes, as described in the intro-
duction, are holes
|ψBHh 〉 = bˆ↑,jh
∣∣ψBHc 〉 (14)
and spin flips
|ψBHf 〉 = bˆ†↓,jf bˆ↑,jf
∣∣ψBHc 〉 , (15)
where, in this paper, the defects are initially located in
the left half of the system (1 < jh, jf < L/2) without
loss of generality. These types of defects naturally arise
in the initial-state preparation or can simply be prepared
deterministically in order to investigate their effects.
IV. CONVERGENCE OF BH DYNAMICS TO
THE t-J DYNAMICS AND DMRG SPECIFICS
For the reasons given in Sect. II A, in the following, the
analysis will be restricted to the isotropic case, where
t↑ = t↓ ≡ t and U↑ = U↓ = V ≡ U . The resulting
isotropic two-species BH model (2) is found to map faith-
fully onto the t-J model (7) for U & 8 (t = 1). Fig. 5
shows a comparison of the BH- and t-J-model results for
the observable 〈SˆzL/2+∆x〉 as well as the connected two-
point correlation functions 〈Sˆzi Sˆzj 〉−〈Sˆzi 〉〈Sˆzj 〉 and 〈Sˆxi Sˆxj 〉
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FIG. 5: (Color online) Comparison of the dynamics in the
full BH model (2) [light, thick lines] and the corresponding
t-J model (7) [dark, thin lines] for an initial state with a hole
at jh = L/2 − 4, where L = 20 and t = 1. Here, ∆x = 1
for all observables. Even for the smallest U (= 8), there is
good agreement between the results of the BH and t-J models.
With increasing U , the agreement improves and the time from
which on deviations become appreciable increases.
(note that 〈Sˆxi 〉 = 0 for all times) for an initial hole state
where the hole is located at L/2 − 4 and ∆x = 1. For
all considered observables, the agreement is good for all
values of U & 8, and matches remarkably well for larger
U , as is expected.
Although it is not an exact correspondence, we used
here for the Bose-Hubbard model
1
2
∑
σσ′ bˆ
†
σ,j [σˆ
α]σσ′ bˆσ′,j (16)
7as the counterpart of the observable Sˆαj in the t-J model.
In analogy to the relation (13) of states in the original
(BH) and the effective model (t-J) which is “simulated”
in the original model, the correct counterpart of an ob-
servable Oˆ of the effective model is e−iSˆOˆeiSˆ for the
original model. Simply employing Oˆ also in the original
model, as we did in this case by using the expression (16)
instead of e−iSˆ Sˆαi e
iSˆ causes an error O(Sˆ) = O(t/U) in
the expectation values. A thorough discussion concern-
ing these issues can be found in Ref. [29].
All simulations are carried out using tDMRG [44–46]
in the Krylov approach [47–49] (see also [50]), where we
compute each Krylov vector as a separate matrix product
state. In the DMRG framework, one can control the ac-
curacy of the simulation using the so-called truncation or
fidelity threshold [42, 43, 65] which puts an upper bound
on the norm-distance between the exactly evolved state
and the approximately evolved state of the simulation.
For the results of the main text, we used a threshold of
10−6 for each time step and time steps of size 0.01/t and
0.1/t for the BH and the t-J model, respectively. The
convergence of the numerical results with respect to the
fidelity threshold is demonstrated in the appendix.
V. DOMAIN-WALL MELTING WITH AND
WITHOUT DEFECTS
As was described and numerically checked above, the
two-species BH model HˆBH maps onto the spin-1/2 XXZ
model HˆXXZ [25–29] or on the hard-core boson t-J model
(7) for sufficiently large U/t & 8. As this is the regime
of experimental interest we can hence base the further
analysis on simulations of the t-J model. The t-J-model
parameters are set to t = 1 and U = 15 for a lattice of
L = 320 sites. The domain wall is located between sites
L/2 and L/2 + 1 and, in the following, the cases of the
clean domain-wall state |ψc〉 [Eq. (12)], a domain wall
with a hole defect at site jh = L/2− 16, aˆ↑,jh |ψc〉, and a
domain wall with a spin-flip defect at site jf = L/2− 8,
Sˆ−jf |ψc〉, are investigated beginning with the magnetiza-
tion profiles as shown in Fig. 3.
A. Magnetization profiles
The clean case is not surprising and exhibits the
known domain-wall melting dynamics associated with
the Heisenberg XXZ model [31–38]. A noteworthy fea-
ture of this domain-wall melting process in the clean case
is a nearest-neighbor beating mechanism (synchronized
opposing oscillations of the magnetizations on neighbor-
ing sites) that persists even at later times and that one
can make out in Fig. 3 and clearly see in Fig. 4. Cor-
responding animations are available online [59]. This
feature, which causes short magnetization steps, is no-
ticeably missing in the hole case, where the beating is
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FIG. 6: (Color online) Investigation of the influence of hole
and spin-flip defects on the magnetization profile (t = 1,
U = 15, L = 320, jh = L/2 − 16, jf = L/2 − 8). It is
observed that at long times, the magnetization profile in the
hole case matches its corresponding average quantity (18) due
to the superposition hypothesis (see text) very well, whereas
the correspondence is not as good in the spin-flip case. This
is due to the fact that the hole completely passes through the
domain wall while the spin flip does not.
strongly reduced and the short steps in the magnetiza-
tion are smoothened out. At long times a further no-
table feature consists in (short) magnetization plateaus
around the fronts of the domain wall [34, 38] that will
also be smoothened in the presence of hole defects. The
spin-flip defect does not smoothen out the beating but it
does have an effect on it nevertheless, as also shown in
Fig. 4. Figure 3 also shows the significant difference in
the velocities of the hole (2t = 2) and that of the spin
flip (4t2/U = 4/15) which is a manifestation of the spin-
charge separation [51, 66, 67]. In Fig. 3 it is difficult to
pinpoint the influence of the defects on the domain wall,
but Fig. 4 indicates for example that there is a result-
ing spatial shift of the magnetization profile. In Fig. 4
this shift is the reason why magnetization profiles of the
evolved defect states at different times do not intersect
the 〈Sˆzj 〉 = 0 line at the same point. For sufficiently large
times, the magnetization profile is, in comparison to the
clean domain-wall evolution, shifted by about 0.5 sites in
the hole-case and by 1 site in the spin-flip case.
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FIG. 7: (Color online) Left: Connected Sz–Sz correlators (19) with ∆x = 1 (t = 1, U = 15, L = 320, jh = L/2 − 16,
jf = L/2− 8). The results show that the correlator ζh∆x for the hole case deviates quite strongly from the same correlator ζ∆x
in the clean case. But, after the point in time where the hole has passed the domain wall, ζh∆x agrees very well with ζ
′
∆x,1
[Eq. (20)] which is computed from the clean correlator ζh∆x by superimposing results for a small spatial shift. The coincidence of
ζf∆x and ζ
′
∆x,2 is not as good, indicating that holes have much less influence on the spin dynamics than spin-flip defects. Right:
The same conclusion holds for the Sx–Sx correlators. Also here, χh∆x agrees very well with χ
′
∆x,1 [Eq. (21)], while deviations
of χf∆x from χ
′
∆x,2 are still appreciable and comparable to the deviation from χ∆x.
B. Explanation for the smoothening effect and
spatial shifts
The observed spatial shifts and smoothening effects
can be understood as follows. If one looks at the sys-
tem at some long time t, at which the right-traveling
part of the defect is assumed to have passed thorough
the domain wall, one can express the time-evolved wave
function |ψ〉 as a superposition of two approximately or-
thogonal states:
|ψ〉 = 1√
2
(|ψ`〉+ |ψr〉). (17)
Here, |ψ`(t)〉 describes a state with a defect traveling to
the left, and thus the defect never interacts with the do-
main wall, and |ψr(t)〉 describes a state with a defect
traveling to the right and that has already interacted
with and passed through the wall. Now in the case of
the hole defect, due to the absence of one ‘↑’ boson, it is
expected that the domain wall in |ψr(t)〉 is shifted by a
single site towards the left, while in the case of the spin
flip, not only is one ‘↑’ boson missing, but in its place we
have an extra ‘↓’ boson, and thus the shift is expected to
be by two sites to the left. The states |ψ`,r(t)〉 that con-
tain defect wave packets traveling to the left or right, re-
spectively, are for sufficiently long times (approximately)
orthogonal. This is due to the conservation of the parti-
cle number (hole case) or magnetization (spin-flip case)
in the spatial region where the left-moving wave packet
is supported. With this, one obtains at some site j not
too far away from the domain-wall region
〈ψ|Sˆzj |ψ〉 =
1
2
(〈ψ`|Sˆzj |ψ`〉+ 〈ψr|Sˆzj |ψr〉)
≈ 1
2
(〈ψc|Sˆzj |ψc〉+ 〈ψc|Sˆzj+d|ψc〉), (18)
where d = 1 (2) in the case where the defect is a hole
(spin flip) and |ψc(t)〉 is the evolved wave function for
the clean domain-wall state. Figure 6 shows the magne-
tization profile for each of the hole and spin-flip states at
three different points in time as compared to the corre-
sponding magnetization profiles for the clean state |ψc〉
9and the corresponding magnetization profiles due to the
superposition as quantified in Eq. (18). In the case of the
hole, there is great agreement between the magnetization
profile of the hole state and Eq. (18), especially for long
times at which the hole has already passed through the
domain wall (Fig. 3). Moreover, this averaging of two
density profiles shifted by one site from each other (18)
explains well why the beating observed for the clean case
in Fig. 4 is smoothened out in the case of the hole state:
The beating consists of a synchronized opposing oscilla-
tion of the magnetizations on neighboring sites. Sum-
ming the magnetization profile and its one-site translate
(18), the opposing oscillations basically cancel out. The
remaining smaller deviations are beyond the simple “clas-
sical” shifting effect. They are due to the modification of
the domain-wall dynamics caused by the passing hole. At
the location of the passing hole, the spin-spin interaction
is practically switched off for a short period of time. This
alteration of the domain-wall evolution will reduce with
increasing U , as the hole will then pass faster and faster
through the domain wall (when viewed in time units of
1/J). In the case of the spin-flip defect, the superpo-
sition picture (17) is still useful but not as powerful for
explaining the deviations to the clean case. One observes
that, even at longer times, the magnetization profile for
the spin-flip state does not fully converge to the corre-
sponding averaged profile of Eq. (18). This is due to
the fact that the spin-flip defect dynamics occurs on the
same time scale as the domain-wall dynamics and that,
at least up to the maximum simulated times, the spin
flip does not completely pass through the domain wall.
Besides this, it is clear that the beating is not reduced
by the spin-flip defect because, according to the super-
position hypothesis, one has to add magnetizations of
next-nearest neighbor sites (d = 2 in Eq. (18)) for which
the beating oscillations are in sync.
C. Correlation functions
The above intuitive notion of a superposition of left-
and right-moving defects works well when it comes to the
magnetization profile. Additionally, one can see how it
fares when considering experimentally relevant connected
two-point correlators around the domain wall
ζ∆x := 〈Sˆzi Sˆzj 〉 − 〈Sˆzi 〉〈Sˆzj 〉 and (19a)
χ∆x := 〈Sˆxi Sˆxj 〉, (19b)
where i = L/2 + 1−∆x and j = L/2 + ∆x. For clarity,
ζ∆x and χ∆x will refer to the clean case, while in the case
of a hole or a spin flip, both two-point correlators will be
augmented with the superscript “h” or “f”, respectively.
Moreover, it is to be noted that, in this model, one always
has 〈Sˆxj 〉 = 〈Sˆyj 〉 = 0, hence the apparent difference in the
definitions of ζ∆x and χ∆x. Based on the superposition
in Eq. (17), the two-point correlators for the defect case
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FIG. 8: (Color online) Dynamics of the particle density 〈nˆ↑,j+
nˆ↓,j〉 for the domain-wall state with a hole defect (t = 1,
U = 15, L = 320, jh = L/2 − 16). The particle density
is symmetric with respect to the initial position of the hole
and shows now particular features at the domain wall (dashed
line). As discussed in the text, the density dynamics is in fact
completely independent of the spin dynamics (the converse is
of course not the case).
should agree with
ζ ′∆x,d :=
1
2
(
〈ψc|Sˆzi Sˆzj |ψc〉+ 〈ψc|Sˆzi+dSˆzj+d|ψc〉
)
+
1
4
(
〈ψc|Sˆzi |ψc〉+ 〈ψc|Sˆzi+d|ψc〉
)
×
(
〈ψc|Sˆzj |ψc〉+ 〈ψc|Sˆzj+d|ψc〉
)
(20)
and
χ′∆x,d :=
1
2
(
〈ψc|Sˆxi Sˆxj |ψc〉+ 〈ψc|Sˆxi+dSˆxj+d|ψc〉
)
, (21)
respectively. As above, we have again d = 1 for the hole
case and d = 2 for the spin-flip case. As shown in Fig. 7,
ζh∆x (χ
h
∆x) agrees well with ζ
′
∆x,1 (χ
′
∆x,1) for longer times,
and this behavior supports the idea that the hole indeed
passes through the domain wall completely, leading to a
smoothening effect as dictated by the superposition con-
cept of Eq. (17). However, in the case of the spin flip,
the explanatory power of this concept is again not as
impressive.
D. Particle density is independent of spin dynamics
Next, the particle density is considered. In the case
of the clean domain-wall state and the case of a domain
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FIG. 9: (Color online) Currents (22) for a domain wall with a hole defect (t = 1, U = 15, L = 320, jh = L/2− 16). The figures
show from top to bottom the density currents for ‘↑’ bosons, ‘↓’ bosons, and the spin current. On the left, the contributions
of the dominating two-site terms (24) are shown. The contributions (25) of the three-site hopping terms (Hˆ3−site in the t-J
Hamiltonian (7)) are given on the right. For the given U , they are suppressed by one order of magnitude. The suppression is
stronger for larger U .
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wall with a spin-flip defect, the particle density is simply
constant with exactly one particle per site for all times.
For the hole defect, one might naively expect some non-
trivial effects, like reflection of the hole from the domain
wall etc. However, as the Hamiltonian terms that change
the particle density distribution are species-independent
(t↑ = t↓), the hole dynamics is completely independent of
the spin dynamics. This is visualized in Fig. 8 where the
initial position of the domain wall is marked by a dashed
line. Indeed, 〈nˆ↑,j + nˆ↓,j〉 is symmetric around the initial
position of the hole for all times and shows no special
features in the domain-wall region.
E. Quantification of higher-order effects by spin
and density currents
Finally, let us consider the spin and density (“charge”)
currents during the dynamics. They correspond to spe-
cific short-range correlators which are in principle acces-
sible in experiments. Besides offering another perspec-
tive on the evolution of the domain wall and the defects,
we can use it to quantify the effect of the higher-order
(three-site) hopping terms Hˆ3−site in the effective model
(7). The density current jˆσ,i for boson species ‘σ’ at a
bond (i,i+ 1), denoted by the bond index i, is defined as
the time derivative of the total particle number
∑
j>i nˆσ,j
to the right of that bond. For the t-J model (7), one ob-
tains:
jˆσ,i =− itσ(bˆ†σ,ibˆσ,i+1 − h.c.) + i
J⊥
2
(Sˆσi Sˆ
−σ
i+1 − h.c.)
+ jˆaσ,i + jˆ
b
σ,i + jˆ
c
σ,i, (22)
where
jˆaσ,i =−
it2σ
V
(bˆ†σ,i−1nˆ−σ,ibˆσ,i+1 + bˆ
†
σ,inˆ−σ,i+1bˆσ,i+2 − h.c.),
jˆbσ,i =−
it↑t↓
V
(bˆ†−σ,i−1Sˆ
σ
i bˆσ,i+1 + bˆ
†
σ,iSˆ
−σ
i+1bˆ−σ,i+2 − h.c.),
jˆcσ,i =−
2it2σ
Uσ
(bˆ†σ,i−1nˆσ,ibˆσ,i+1 + bˆ
†
σ,inˆσ,i+1bˆσ,i+2 − h.c.).
The spin current is then simply
jˆs,i =
1
2
(
jˆ↑,i − jˆ↓,i
)
. (23)
In Fig. 9 the two-site and three-site contributions to the
charge and spin currents
jˆ2−siteσ,i = −itσ(bˆ†σ,ibˆσ,i+1 − h.c.) + i
J⊥
2
(Sˆσi Sˆ
−σ
i+1 − h.c.)
(24)
jˆ3−siteσ,i = jˆ
a
σ,i + jˆ
b
σ,i + jˆ
c
σ,i (25)
and
jˆm−sites,i = jˆ
m−site
↑,i − jˆm−site↓,i (26)
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FIG. 10: (Color online) Investigating the effect of two holes
with initial positions jh1 = L/2−16 and jh2 = L/2−8 (t = 1,
U = 15). The magnetization profiles at long times indicate
that, like in the single-hole case [(17)], the two-hole dynamics
can be approximated as a superposition of orthogonal states
which correspond to spatial shifts of the clean domain-wall
state; see the text and Eq. (27).
with m = 2 or 3 are shown for t = 1 and U = 15.
The currents offer another deeper look at the dynamics,
visualizing the flow of particles and magnetizations. For
the given parameters, the contributions of the effective
three-site hopping terms is one order of magnitude below
that of the two-site terms. Their effect decreases further
for larger U .
F. Multiple defects
Now that the effect of a single hole defect on the
domain-wall evolution is understood, one may be inter-
ested in investigating, on the one hand, the effect of
two simultaneously present holes, and on the other hand,
whether or not such two hole defects interact with each
other. For times when the left- and right-moving parts
of the holes are sufficiently separated, one can once again
intuitively describe the system by a superposition of or-
thogonal states
|ψ〉 = 1
2
(|ψ``〉+ |ψ`r〉+ |ψr`〉+ |ψrr〉), (27)
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where |ψ``〉 describes two holes moving to the left, and
thus they never interact with the domain wall, |ψ`r〉
(|ψr`〉) is the state where the left (right) hole is mov-
ing to the left and never interacts with the wall while
the right (left) hole has passed through the wall, shifting
it by one site to the left, and |ψrr〉 describes the state
where both holes have traveled to the right and passed
through the domain wall, shifting it by two sites to the
left. This leads to the following magnetization profile for
the two-hole state:
〈ψ|Sˆzj |ψ〉 =
1
4
(
〈ψ``|Sˆzj |ψ``〉+ 〈ψ`r|Sˆzj |ψ`r〉
+〈ψr`|Sˆzj |ψr`〉+ 〈ψrr|Sˆzj |ψrr〉
)
≈ 1
4
(
〈ψc|Sˆzj |ψc〉+ 2〈ψc|Sˆzj+1|ψc〉
+〈ψc|Sˆzj+2|ψc〉
)
(28)
The magnetization profiles for a single-hole at site jh =
L/2−16 and two-holes at sites jh1 = L/2−16 and jh2 =
L/2−8 are shown in Fig. 10 along with the corresponding
curves due to Eqs. (18) and (28) at three different points
in time. One observes that, especially at longer times,
the magnetization profile of the two-hole state matches
remarkably well the curve due to Eq. (28). The smaller
deviations beyond this effect, are roughly proportional to
the number of holes and decrease when t/J is increased
(larger U) as discussed in the following.
G. Reducing the effects of holes by increasing t/J
The effect of holes depends on the relative velocity of
the holes with respect to the domain wall. A relatively
faster hole has a smaller effect on the domain-wall dy-
namics, as the interaction time between the hole and the
domain wall is smaller in such a case. Alternatively, a
relatively slower hole will have more time to distort the
dynamics of the domain wall, and thus the dynamics will
deviate stronger from the superposition behavior such as
that described by Eq. (18). Figure 11 shows the magneti-
zation profiles and two-point correlators over time for the
single-hole state (jh = L/2−16) for different values of U .
One sees that the smaller U is, and thus the slower the
hole is relative to the domain-wall melting, the larger the
deviation of the above observables from their superposi-
tion curves given in Eq. (18) for the magnetization profile
and Eqs. (20) and (21) for the two-point correlators. On
the other hand, for very large U = 60, the agreement
between the magnetization profile and Eq. (18), and be-
tween ζh∆x (χ
h
∆x) and ζ
′
∆x,1 (χ
′
∆x,1) is excellent after a cer-
tain short time ∼ 1/t corresponding to the phase where
the hole passes the domain-wall region.
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FIG. 11: (Color online) Comparison of the effect of a hole
defect on two-point correlation functions in the domain-wall
dynamics (t = 1, L = 320, jh = L/2− 16) at different values
of the on-site repulsion U for the t-J model (7). The greater
the value of U , the faster the hole propagates relative to the
domain-wall front, and thus the shorter the interaction time
between the hole and the domain wall, which in turn leads
to greater agreement between the hole-case dynamics and the
approximation due to the superposition hypothesis (27).
VI. CONCLUSION
The numerical simulations and the analysis of distur-
bances due to defects that we have provided in this paper
give useful insights concerning future experiments using
ultracold atomic gases to simulate the dynamics of quan-
tum magnets. Specifically, we have investigated domain-
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wall melting in the two-species Bose-Hubbard model in
the presence of hole and spin-flip defects. For large on-
site repulsions, the model maps to a hard-core boson t-J
model with particular effective three-site hopping terms.
The study is based on tDMRG calculations using the
Krylov approach. It is concluded, through measurements
of magnetization profiles and two-point correlators, that
a domain wall with a single hole defect evolves into a
superposition of two (approximately) orthogonal states,
where the domain-wall melting becomes equivalent to
that of two domain walls, one of which is shifted to-
wards the initial position of the hole by one site. The
situation of multiple holes can be described in a similar
manner. The leading effect of holes hence corresponds
to a certain averaging of spatially shifted observables
that can be taken account of. Further smaller devia-
tions due to holes diminish with increasing repulsion U
as the hole dynamics gets faster and faster in compari-
son to the domain-wall evolution. Whereas hole defects
are in this sense not so problematic, the effect of spin-
flip defects is more severe as they evolve on the same
time scale as the domain wall itself. Although it is still
useful, this limits the explanatory power of the superpo-
sition picture for spin-flip defects. For the experimental
investigations this has implications on the preparation of
the initial states. In particular, our results suggest that
the second preparation scheme (see introduction), based
on cooling with species- and position-dependent chemical
potentials, should be favorable over the first scheme that
is based on inducing spin-flips in parts of the system.
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Appendix: Convergence of the DMRG simulations
All simulations in this paper are carried out using
tDMRG [44–46] in the Krylov approach [47–49] (see
also [50]) with time steps of a certain size ∆t. In the
tDMRG, the evolved many-body state is approximated
as a so-called matrix product state at all times which is
achieved by repeated truncations of small Schmidt co-
efficients. The accuracy of the simulation is controlled
using a threshold  on the fidelity loss due to truncations
[42, 43, 65]. Let |ψt〉 be the state for time t. In every time
step, we apply the Hamiltonian Hˆ multiple times to |ψt〉,
to obtain matrix product state representations of the
Krylov vectors {|ψt〉, Hˆ|ψt〉, Hˆ2|ψt〉, . . . }. Controlling er-
rors due to DMRG truncations of the Krylov vectors and
due to a restriction on the number of used Kryolv vectors,
we implement the time evolution in the Krylov subspace
to obtain a new matrix product state |ψt+∆t〉 such that
r2 := ‖Uˆ∆t|ψt〉 − |ψt+∆t〉‖2/‖Uˆ∆t|ψt〉 + |ψt+∆t〉‖2 < ,
where Uˆ∆t is the (exact) time-evolution operator for a
single time step. For the computation of a bound on r,
we use some very conservative assumptions on the decay
of the coefficients in the expansion of the evolved state
in the Krylov basis.
The size of the time step was chosen such that the
number of required Krylov vectors was roughly 10. In
particular, we chose ∆t = 0.01/t and ∆t = 0.1/t for the
Bose-Hubbard (BH) and the t-J model, respectively. For
all analyzed observables one should ensure convergence
with respect to the fidelity threshold . As described in
the following we determined these parameters such that
the data presented in the figures is quasi-exact.
For the t-J model, a lattice of L = 320 sites was used
and the results presented in the main text are based on a
fidelity threshold of  = 10−6. In order to check for con-
vergence, several runs are carried out at different  for
the single-hole state where the hole is located at L/2− 1
(this state is found to be the most challenging numeri-
cally among all initial states simulated) at U = 15 and
t = 1. Once again, the observable 〈SˆzL/2+∆x〉 and the
two-point correlators ζh∆x and χ
h
∆x [Eq. (19)] for various
∆x are taken into account, and as Fig. 12 shows, very
good convergence is achieved at a fidelity threshold of
10−6.
Furthermore, in order to validate the comparison in
Fig. 5, one must ascertain the convergence of the corre-
sponding BH-model results, where a fidelity threshold of
10−6 is also used. Fig. 13 shows the observable 〈SˆzL/2+∆x〉
and the two-point correlators ζh∆x and χ
h
∆x at various ∆x,
and, indeed, a fidelity threshold of 10−6 exhibits very
good convergence.
[1] W. Ketterle, D. S. Durfee, and D. M. Stamper-Kurn,
arXiv:cond-mat/9904034 (2009).
[2] I. Bloch, J. Dalibard, and W. Zwerger, Rev. Mod. Phys.
80, 885 (2008).
[3] M. Greiner, O. Mandel, T. Esslinger, T. W. Ha¨nsch, and
I. Bloch, Nature 415, 39 (2002).
[4] G. Modugno, G. Roati, F. Riboli, F. Ferlaino, R. J.
Brecha, and M. Inguscio, Science 297, 2240 (2002).
[5] T. Sto¨ferle, H. Moritz, C. Schori, M. Ko¨hl, and T.
Esslinger, Phys. Rev. Lett. 92, 130403 (2004).
[6] R. Jo¨rdens, N. Strohmaier, K. Gunter, H. Moritz, and T.
Esslinger, Nature 455, 204 (2008).
[7] G. Roati, C. D’Errico, L. Fallani, M. Fattori, C. Fort, M.
Zaccanti, G. Modugno, M. Modugno, and M. Inguscio,
14
−0.5
−0.45
−0.4
−0.35
−0.3
−0.25
−0.2
<Sz
L/2+∆x
>
 
 ε=10−4
ε=10−5
ε=10−6
ε=10−7
−0.07
−0.06
−0.05
−0.04
−0.03
−0.02
−0.01
0ζh
∆x
 
 
ε=10−4
ε=10−5
ε=10−6
ε=10−7
0 20 40 60 80 100 120 140 160
−0.05
0
0.05
0.1
time
χh
∆x
 
 
ε=10−4
ε=10−5
ε=10−6
ε=10−7
∆x=16
∆x=8
∆x=2
∆x=1
∆x=1
∆x=4
FIG. 12: (Color online) Convergence of tDMRG results with
respect to the fidelity threshold , for magnetizations and two-
point correlators (19) for the t-J model specified in Eq. (7)
(L = 320, t = 1, U = 15). Here, the initial state is the domain
wall with a hole defect at site L/2 − 1. Good convergence is
achieved at a fidelity threshold of 10−6.
−0.5
−0.45
−0.4
−0.35
−0.3
−0.25
−0.2
<Sz
L/2+∆x
>
 
 
ε=10−4
ε=10−5
ε=10−6
ε=10−7
−0.12
−0.1
−0.08
−0.06
−0.04
−0.02
0ζh
∆x
 
 
ε=10−4
ε=10−5
ε=10−6
ε=10−7
0 1 2 3 4 5 6
−0.05
0
0.05
0.1
time
χh
∆x
 
 
ε=10−4
ε=10−5
ε=10−6
ε=10−7
∆x=1
∆x=1
∆x=2
∆x=2
∆x=1
∆x=4
FIG. 13: (Color online) Convergence of tDMRG results with
respect to the fidelity threshold , for magnetizations and two-
point correlators (19) for the two-species BH model specified
in Eq. (2) (L = 20, t = 1, U = 8). The initial state is the
domain wall with a hole defect at site L/2−1 [Eq. (14)]. Good
convergence is achieved at a fidelity threshold of 10−6.
15
Nature 453, 895 (2008).
[8] U. Schneider, L. Hackermller, S. Will, T. Best, I. Bloch,
T. A. Costi, R. W. Helmes, D. Rasch, and A. Rosch,
Science 322, 1520 (2008).
[9] T. Esslinger, Annu. Rev. Condens. Matter Phys. 1, 129
(2010).
[10] F. Serwane, G. Zu¨rn, T. Lompe, T. B. Ottenstein, A. N.
Wenz, and S. Jochim, Science 332, 336 (2011).
[11] I. Bloch, J. Dalibard, and S. Nascimbe`ne, Nat. Phys. 8,
267 (2012).
[12] U. Schneider, L. Hackermu¨ller, J. P. Ronzheimer, S. Will,
S. Braun, T. Best, I. Bloch, E. Demler, S. Mandt, D.
Rasch, and A. Rosch, Nat. Phys. 8, 213 (2012).
[13] J. P. Ronzheimer, M. Schreiber, S. Braun, S. S. Hodg-
man, S. Langer, I. P. McCulloch, F. Heidrich-Meisner, I.
Bloch, and U. Schneider, Phys. Rev. Lett. 110, 205301
(2013).
[14] L. Sanchez-Palencia, D. Cle´ment, P. Lugan, P. Bouyer,
G. V. Shlyapnikov, and A. Aspect, Phys. Rev. Lett. 98,
210401 (2007).
[15] J. Billy, V. Josse, Z. Zuo, A. Bernard, B. Hambrecht, P.
Lugan, D. Clement, L. Sanchez-Palencia, P. Bouyer, and
A. Aspect, Nature 453, 891 (2008).
[16] S. S. Kondov, W. R. McGehee, J. J. Zirbel, and B. De-
Marco, Science 334, 66 (2011).
[17] W. S. Bakr, J. I. Gillen, A. Peng, S. Fo¨lling, and M.
Greiner, Nature 462, 74 (2009).
[18] W. S. Bakr, A. Peng, E. M. Tai, R. Ma, J. Simon, J. I.
Gillen, S. Fo¨lling, L. Pollet, and M. Greiner, Science 329,
547 (2010).
[19] J. F. Sherson, C. Weitenberg, M. Endres, M. Cheneau,
I. Bloch, and S. Kuhr, Nature 467, 68 (2010).
[20] E. W. Streed, A. Jechow, B. G. Norton, and D. Kielpin-
ski, Nat. Commun. 3, 933 (2012).
[21] P. Wu¨rtz, T. Langen, T. Gericke, A. Koglbauer, and H.
Ott, Phys. Rev. Lett. 103, 080404 (2009).
[22] C. Weitenberg, M. Endres, J. F. Sherson, M. Cheneau,
P. Schauß, T. Fukuhara, I. Bloch, and S. Kuhr, Nature
471, 319 (2011).
[23] R. P. Feynman, Int. J. Theor. Phys. 21, 467 (1982).
[24] I. Buluta and F. Nori, Science 326, 108 (2009).
[25] A. B. Kuklov and B. V. Svistunov, Phys. Rev. Lett. 90,
100401 (2003).
[26] L. M. Duan, E. Demler, and M. D. Lukin, Phys. Rev.
Lett. 91, 090402 (2003).
[27] J. J. Garc´ıa-Ripoll and J. I. Cirac, New J. Phys. 5, 76
(2003).
[28] E. Altman, W. Hofstetter, E. Demler, and M. D. Lukin,
New J. Phys. 5, 113 (2013).
[29] T. Barthel, C. Kasztelan, I. P. McCulloch, and U.
Schollwo¨ck, Phys. Rev. A 79, 053627 (2009).
[30] T. Fukuhara, A. Kantian, M. Endres, M. Cheneau, P.
Schass, S. Hild, C. Gross, U. Schollwo¨ck, T. Giamarchi,
I. Bloch, and S. Kuhr, Nat. Phys. 9, 235 (2013).
[31] I. G. Gochev, JETP Lett. 26, 127 (1977).
[32] I. G. Gochev, Sov. Phys. JETP 58, 115 (1983).
[33] T. Antal, Z. Ra´cz, A. Ra´kos, and G. M. Schu¨tz, Phys.
Rev. E 59, 4912 (1999).
[34] V. Hunyadi, Z. Racz, and L. Sasvari, Phys. Rev. E 69,
066103 (2004).
[35] D. Gobert, C. Kollath, U. Schollwo¨ck, and G. M. Schu¨tz,
Phys. Rev. E 71, 036102 (2005).
[36] J. Mossel and J.-S. Caux, New J. Phys. 12, 055028
(2010).
[37] S. Jesenko and M. Zˇnidaricˇ, Phys. Rev. B 84, 174438
(2011).
[38] V. Zauner, M. Ganahl, H. G. Evertz, and T. Nishino,
arXiv:1207.0862 (2012).
[39] J. Lancaster and A. Mitra, Phys. Rev. E 81, 061134
(2010).
[40] Z. Cai, L. Wang, X. C. Xie, U. Schollwo¨ck, X. R. Wang,
M. D. Ventra, and Y. Wang, Phys. Rev. B 83, 155119
(2011).
[41] Personal communication with the Bloch group at MPQ,
Garching.
[42] S. R. White, Phys. Rev. Lett. 69, 2863 (1992).
[43] S. R. White, Phys. Rev. B 48, 10345 (1993).
[44] G. Vidal, Phys. Rev. Lett. 93, 040502 (2004).
[45] S. R. White and A. E. Feiguin, Phys. Rev. Lett. 93,
076401 (2004).
[46] A. J. Daley, C. Kollath, U. Schollwo¨ck, and G. Vidal, J.
Stat. Mech. P04005 (2004).
[47] A. E. Feiguin and S. R. White, Phys. Rev. B 72,
020404(R) (2005).
[48] J. J. Garc´ıa-Ripoll, New J. Phys. 8, 305 (2006).
[49] I. P. McCulloch, J. Stat. Mech. P10014 (2007).
[50] P. Schmitteckert, Phys. Rev. B 70, 121302 (2004).
[51] T. Giamarchi, Quantum Physics in One Dimension (Ox-
ford University Press, Oxford, 2004).
[52] B. Sutherland, Beautiful Models (World Scientific Pub-
lishing, Singapore, 2004).
[53] V. E. Korepin and N. M. Bogoliubov, Quantum inverse
scattering method and correlation functions (Cambridge
University Press, Cambridge, 1993).
[54] W. Heisenberg, Zeitschrift fu¨r Physik 49, 619 (1928).
[55] H. Bethe, Zeitschrift fu¨r Physik A 71, 205 (1931).
[56] O. Mandel, M. Greiner, A. Widera, T. Rom, T. W.
Ha¨nsch, and I. Bloch, Phys. Rev. Lett. 91, 010407 (2003).
[57] S. Fo¨lling, S. Trotzky, P. Cheinet, M. Feld, R. Saers,
A. Widera, T. Mu¨ller, and I. Bloch, Nature 448, 1029
(2007).
[58] S. Trotzky, P. Cheinet, S. Fo¨lling, M. Feld, U. Schnor-
rberger, A. M. Rey, A. Polkovnikov, E. A. Demler, M. D.
Lukin, and I. Bloch, Science 319, 295 (2008).
[59] As Supplementary Material animations are provided on-
line that show the evolution of the magnetization pro-
files 〈Sˆzj (t)〉 of states with defects in direct comparison
to the clean domain-wall state (t = 1, U = 15, L = 320,
jh = L/2− 16, jf = L/2− 8).
[60] J. Spalek and A. M. Oles´, Physica B 375, 86 (1977).
[61] K. A. Chao, J. Spalek, and A. M. Oles´, J. Phys. C 10,
L271 (1977).
[62] K. A. Chao, J. Spalek, and A. M. Oles´, Phys. Rev. B 18,
3453 (1978).
[63] P. W. Anderson, Science 235, 1196 (1987).
[64] E. Dagotto, Rev. Mod. Phys. 66, 763 (1994).
[65] U. Schollwo¨ck, Rev. Mod. Phys. 77, 259 (2005).
[66] J. M. Luttinger, J. Math. Phys. 4, 1154 (1963).
[67] F. D. M. Haldane, J. Phys. C: Solid State Phys. 14, 2585
(1981).
